Eukaryotes and archaea both possess multiple genes coding for family B DNA polymerases. In animals and fungi, three family B DNA polymerases, ␣, ␦, and ⑀, are responsible for replication of nuclear DNA. We used a PCRbased approach to amplify and sequence phylogenetically conserved regions of these three DNA polymerases from Giardia intestinalis and Trichomonas vaginalis, representatives of early-diverging eukaryotic lineages. Phylogenetic analysis of eukaryotic and archaeal paralogs suggests that the gene duplications that gave rise to the three replicative paralogs occurred before the divergence of the earliest eukaryotic lineages, and that all eukaryotes are likely to possess these paralogs. One eukaryotic paralog, ⑀, consistently branches within archaeal sequences to the exclusion of other eukaryotic paralogs, suggesting that an ⑀-like family B DNA polymerase was ancestral to both archaea and eukaryotes. Because crenarchaeote and euryarchaeote paralogs do not form monophyletic groups in phylogenetic analysis, it is possible that archaeal family B paralogs themselves evolved by a series of gene duplications independent of the gene duplications that gave rise to eukaryotic paralogs.
Introduction
Sequencing of eubacterial, archaeal and eukaryotic genomes has revealed that many proteins encoded in these genomes are paralogs , members of gene families that share a common evolutionary history because they evolved by gene duplication. Some of these paralogs, such as the elongation factors EF-Tu/ 1␣ and EF-G/2, are common to eubacteria, archaea, and eukaryotes, because the gene duplications which gave rise to these paralogs occurred in the cenancestor (Gogarten et al. 1989; Iwabe et al. 1989a ). Other gene families, however, have more restricted phylogenetic distributions and are often characterized by the presence of multiple paralogs in eukaryotes, but only one or a few paralogs in archaea and eubacteria (for example, RNAdependent DNA polymerases; Iwabe et al. 1989b) . Such gene families are of interest because some of these paralogs appear to function in cellular processes, or have biochemical activities, that are specific to eukaryotes.
One such gene family is the eukaryotic nuclear replicative DNA polymerases. Three DNA-dependent DNA polymerases, ␣, ␦, and ⑀, have been identified through genetic and biochemical studies as essential for nuclear DNA replication in the budding yeast, Saccharomyces cerevisiae (Budd et al. 1989; Morrison et al. 1990; Budd and Campbell 1993) . Sequencing of the genes corresponding to the catalytic subunits of these DNA polymerases revealed amino acid similarity of each of the proteins to one another, to other eukaryotic cellular-encoded DNA polymerases, to plasmid-and viral-encoded polymerases, to archaeal DNA polymerases, and to DNA polymerase II (polB) of Escherichia coli (Wong et al. 1988; Iwasaki et al. 1991 ). An additional cellularencoded DNA polymerase, Rev3, was identified in S. cerevisiae through a genetic screen for strains displaying reduced susceptibilities to UV mutagenesis (Morrison et al. 1989) . Although this DNA polymerase shares sequence similarity with the three nuclear replicative polymerases, it is divergent in amino acid sequence and function. Collectively, these polymerases are classified as family B DNA polymerases (Braithwaite and Ito 1993) .
Eukaryotic paralogs ␣, ␦, ⑀, and Rev3 must be the result of gene duplication events that occurred prior to, at the time of, or after the divergence of eukaryotes from an archaea-like ancestor. However, the available collection of eukaryotic family B DNA polymerase sequences is limited to animals, fungi and a few protists. A search for family B DNA polymerase homologs in more deeply diverging eukaryotic lineages should provide information on the time of these duplications in two ways. First, the simple presence of multiple paralogs in a genome indicates that the relevant duplications had already occurred prior to the divergence of that lineage from the main eukaryotic trunk. Second, quantitative phylogenetic analyses should help establish the pattern and order of paralogous gene duplications of family B paralogs in the evolution of eukaryotes or in an archaea-like ancestor.
Curiously, some members of the archaea also possess multiple family B DNA polymerases (Uemori et al. 1995; Edgell, Klenk, and Doolittle 1997; Klenk et al. 1997) . One possible interpretation of this observation would be that the multiple archaeal family B DNA polymerases are orthologs of the eukaryotic nuclear replicative DNA polymerases ␣, ␦, and ⑀, with each ortholog performing a specific role at the replication fork. Although drug inhibition studies suggest that archaea use a family B DNA polymerase for DNA replication (Forterre, Elie, and Kohiyama 1984; Schinzel and Burger 1985; Zabel et al. 1985) , there is no evidence pointing to a specific function(s) for each of the DNA polymerases at the replication fork, if indeed all archaeal paralogs function in replication. The distribution and numbers of family B DNA polymerases within archaea also confuse issues surrounding the evolutionary history of archaeal and eukaryotic family B paralogs. For instance, the completely sequenced genomes of two euryarchaeotes, Methanococcus jannaschii (Bult et al. 1996) and Methanobacterium thermoautotrophicum (Smith et al. 1997) , possess only a single family B paralog, whereas another euryarchaeote, Archaeoglobus fulgidus , possesses two family B paralogs. Moreover, the crenarchaeotes Pyrodictium occultum and Sulfolobus solfataricus P2 possess two and three family B DNA polymerases, respectively (Uemori et al. 1995; Edgell, Klenk, and Doolittle 1997) . It is unclear if these archaeal family B paralogs arose independently of eukaryotic paralogs by gene duplications after the split of the eukaryotic and archaeal lineages, or if the present distribution of paralogs can be best explained by an ancestral set of gene duplications that occurred before the split of eukaryotes and archaea, followed by loss of certain paralogs in different lineages.
Here, we report the partial sequences of family B DNA polymerases from representatives of two earlybranching eukaryote lineages, the parabasalids and diplomonads, and results of phylogenetic analyses of eubacterial, archaeal, and eukaryotic family B DNA polymerases. Our results suggest that the gene duplications that gave rise to the three eukaryotic nuclear replicative family B DNA polymerases (␣, ␦, and ⑀) occurred before the divergence of the earliest eukaryotic lineages and that all eukaryotes are likely to possess these three paralogs. At least one of the eukaryotic paralogs, ⑀, appears to be ancestral to both archaea and eukaryotes, as it consistently branches within archaeal sequences to the exclusion of other eukaryotic paralogs. Both the organismal distribution and phylogeny of crenarchaeote and euryarchaote paralogs can be considered evidence supporting independent gene duplications during the evolution of archaeal and eukaryotic family B DNA polymerases.
Materials and Methods

Strains and DNA Extraction
Genomic DNA from Trichomonas vaginalis strain NIH-C1 (ATCC#30001) was a kind gift of Dr. Miklos Müller (Rockefeller University). Genomic DNA was isolated from Giardia intestinalis (commonly referred to as G. lamblia strain WB, ATCC#30957) grown in 15-ml glass culture tubes at 37ЊC in Keister's modified media supplemented with 250 g/ml streptomycin and 165 g/ml penicillin. When confluent growth was achieved, cells were pelleted into lysis buffer consisting of 0.5% SDS, 300 g/ml proteinase K, 0.1 M NaCl, and 1 mM EDTA and incubated at 50ЊC for 1 h. This mixture was then extracted with an equal volume of Tris-buffered phenol (pH 8.0) and with phenol/chloroform/isoamyl alcohol (25:24:1 ratio). DNA was precipitated by addition of 2 volumes of ethanol. To remove carbohydrates from DNA preparations, the ethanol-precipitated DNA was resuspended in H 2 O, and NaCl and cetyltrimethylammonium bromide (CTAB; Sigma) were added to final concentrations of 0.7 M and 1%, respectively. This mixture was incubated at 65ЊC for 30 min and extracted twice with an equal volume of chloroform. CTAB complexes with carbohydrates and forms an insoluble layer between the organic and aqueous layers. The aqueous layer was removed and DNA precipitated by the addition of 2 volumes ethanol and 0.1 volume sodium acetate (pH 5.0). PCR Amplification, Cloning, and Sequencing PCR conditions varied depending on the primer combinations and template but typically were carried out in 10 mM Tris-HCl, 50 mM KCl, 1.5 mM MgCl 2 , 0.1% Triton X-100, 0.2 mg/ml BSA, 0.2 U/l of Taq polymerase (Gibco-BRL), 5% acetamide (Reysenbach et al. 1992) , with primers at 200 nM and genomic DNA at 10-100 ng. Primers are listed in table 1. Denaturation was done at 92ЊC for 1-2 min, annealing temperature was dependent on primer combinations (between 45ЊC and 55ЊC), and extension was done at 72ЊC for 1-5 min, depending on expected length of target sequence. Amplified bands of the correct molecular weight were gelpurified (Bio-Rad), ligated into a T-tailed vector (pCR2.1, Invitrogen), and either electroporated into DH5␣ or heat-shock transformed into INV␣F (Invitrogen).
To check for insert-carrying plasmids, colonies were toothpicked directly into a 10-l PCR reaction containing universal forward and reverse primers (Sandhu, Precup, and Kline 1989) . Plasmids corresponding to PCR reactions with bands of the correct size (minus approximately 200 nt for the polylinker) were picked for manual sequencing analysis. Clones that carried fragments similar to family B DNA polymerases were identified by BLAST searches (Altschul et al. 1990) . These clones were then used to screen genomic and cDNA libraries and used as probes in Southern hybridizations (Sambrook, Fritsch, and Maniatis 1989) . Subclones, in pBluescript or M13, generated from screening of the libraries were sequenced manually and on Applied Biosystems and Licor automated sequencers.
Inverse PCR
Additional coding sequence outside of the original PCR product was obtained for DNA polymerase ⑀ of T. vaginalis by inverse PCR (Ochman, Gerber, and Hartl 1988) . The sequence of the initial PCR product indicated that the coding region contained a HindIII site; two sets of direct-match primers were designed, one that would amplify the 5Ј region of the open reading frame (ORF), and one that would amplify the 3Ј region of the ORF. Primer sequences are inv1: 5Ј TCT TCA GAG AAC CAT TCT CG 3Ј; inv2: 5Ј CGA ATA CTC TCC TTT ACC TG 3Ј; inv3: 5Ј AAG ATA CCA GAC TCG ATG GC 3Ј; and invD: 5Ј TTC ACC TGT AAT CAT GCA CC 3Ј. Trichomonas vaginalis genomic DNA was cut with HindIII and self-ligated. PCR reaction conditions were as above except that Tris pH 8.8 was includ- ed. Annealing was done at 50ЊC for 1 min, and extension was done at 72ЊC for 4 min. Products were visualized on agarose gels, gel-purified, and cloned as described above.
Libraries and Southern Hybridizations A G. intestinalis library in gt11 was a gift of Dr. T. Nash (NIH, Bethesda, Md.). Screening procedures were performed as described (Sambrook, Fritsch, and Maniatis 1988) except that filters were prewashed 2 ϫ 30 min with 0.1 ϫ SSC, 1.0% SDS at 65ЊC. Stringency washes were 2 ϫ 20 min in 2 ϫ SSC, and 1 ϫ 20 min in 1 ϫ SSC, 1.0% SDS, both at 65ЊC. Filters were then exposed to film at Ϫ70ЊC for 2-5 days. Trichomonas vaginalis genomic and cDNA libraries in ZAP (Stratagene) were gifts of Drs. Miklos Müller (Rockefeller University) and Patricia Johnson (UCLA). The screening procedure for these libraries was essentially the same as above, except that E. coli XL-1 blue was used as the host strain. In vivo excision of putative positive clones was performed as per manufacturers' instructions (Stratagene).
Southern hybridizations were also as described (Sambrook, Fritsch, and Maniatis 1988) . Five micrograms of genomic DNAs from relevant early-branching eukaryotes were digested with various restriction enzymes (New England Biolabs), resolved on 0.7% agarose gels, and transferred to nylon membranes (DuPont). Hybridizations were carried out overnight at 65ЊC. Stringency washes were as above.
Gene Nomenclature
We propose to name the multiple family B DNA polymerases of crenarchaeotes and euryarchaeotes on the basis of their relationships to one of three family B paralogs that have been sequenced from S. solfataricus strain P2. The letter B after each species name refers to family B DNA polymerases, and the number after the letter B refers to the paralog of S. solfataricus P2 to which that polymerase appears most related. For instance, the complete genome sequence of the euryarchaeote A. fulgidus encodes two family B DNA polymerases, one of which appears to be an ortholog of the S. solfataricus P2 B2 polymerase. In our proposed nomenclature, this polymerase would be designated A. fulgidus B2. Some euryarchaeote genomes (e.g., M. jannaschii) encode a single family B DNA polymerase that does not appear to be an ortholog of any of the three S. solfataricus P2 paralogs. In these cases, we did not assign a qualifier (e.g., B2) after the species name. Eukaryotic family B DNA polymerases are classified as described (Braithwaite and Ito 1993) . We do not refer to eukaryotic family B DNA polymerases as ''␣-type'' (Wong et al. 1988 ) because, confusingly, one of the four eukaryotic paralogs is designated ␣.
Phylogenetic Analysis
Family B DNA polymerases are difficult to align at the amino acid level because short, highly conserved functional regions are separated by long stretches of low or no amino acid conservation. Initially, sequences thought to be orthologous were aligned with each other (e.g., all eukaryotic ␣ paralogs) using the PILEUP option of GCG with default values, or with CLUSTAL W with modifed gap penalties (Thompson, Higgins, and Gibson 1994) . Separate alignments of orthologs were then hand-edited and combined into a larger alignment consisting of the four eukaryotic paralogs (␣, ␦, ⑀, and Rev3), archaeal paralogs, and available eubacterial paralogs. The crystal structure of the RB69 phage family B DNA polymerase (Wang et al. 1997 ) was used to aid the alignment between paralogs. No phage, viral, or plasmid-encoded family B DNA polymerases were used in phylogenetic analysis. All sequences used were either generated in this study or downloaded from public databases, except for the A. fulgidus, Vibrio cholerae, and Pseudomonas aeruginosa sequences, which were obtained from prereleased genome sequences kindly provided by The Institute for Genomic Research (TIGR).
All phylogenetic analyses were performed using amino acids. For parsimony and distance analysis, the final alignment consisted of 41 taxa and 161 positions. Parsimony analyses used PAUP 3.1 (Swofford 1993) . One hundred random-addition replicates with TBR branch swapping were used to search for shortest trees. One hundred replicates of simple addition were used in bootstrap analysis. Distance analysis was performed with PHYLIP 3.57c (Felsenstein 1996) using the PROTDIST program with a Dayhoff weighting matrix. Trees were constructed from distance matrices using the NEIGHBOR program. SEQBOOT and CONSENSE were used in bootstrap analysis.
Two maximum-likelihood (ML) methods were employed. We first used the program PUZZLE (Strimmer and von Haeseler 1996) with 1,000 iterations, the Jones, Thorton, and Taylor substitution matrix, and eight rate categories. We used the resulting tree topology to aid in constraining taxa for the more computationally intensive ML program PROTML (Adachi and Hasegawa 1992) . Exhaustive searches were carried out using the Jones, Thorton, and Taylor substitution matrix and user-defined trees. Bootstrap values were calculated using the RELL method on the 1,000 best trees.
Results
Orthologs of the Three Nuclear Replicative Family B DNA Polymerases of Animals and Fungi Are Found in Early-Diverging Eukaryotes
Based on multiple alignments of amino acid sequences of the catalytic subunits of eukaryotic family B DNA polymerases, we designed degenerate PCR primers to amplify paralogs from early-diverging eukaryotes (table 1) . It is impossible to design a single primer set to amplify all three family B paralogs from one organism. It is possible, however, to design primer combinations which can do this. Using these primer combinations, we were able to amplify phylogenetically conserved regions of orthologs of DNA polymerases ␦ and ⑀ from the parabasalid T. vaginalis, and an ortholog of DNA polymerase ␣ from the diplomonad G. intestinalis. PCR products identified as putative family B DNA polymerases using BLAST (Altschul et al. 1990 ) were used as probes in Southern hybridizations against genomic DNAs from various protists. Each PCR product hybridized to genomic DNA of the organism that initial PCR reactions were performed with, and each DNA polymerase appeared single-copy (not shown). However, we were unable to amplify all three paralogs from a single organism. This result does not necessarily imply that early-diverging eukaryotes do not possess all three paralogs, as there could be a number of reasons why amplification was not successful (for instance, divergent target sequences or biased base composition of the genomic DNA).
It is also impossible to design PCR primers to amplify the entire coding regions of eukaryotic family B DNA polymerases; they are too divergent in sequence, and in S. cerevisiae, all paralogs are over 3 kb in coding sequence (the ⑀ paralog is approximately 7 kb; Morrison et al. 1990 ). In addition, the number of phylogenetically informative sites shared between eubacterial, archaeal, and eukaryotic homologs is less than 200 amino acids; between eukaryotic paralogs, the number of useful sites increases to around 300 amino acids. Additional coding sequence outside of the initial PCR products was obtained for DNA polymerase ␣ of G. intestinalis by screening a genomic DNA library in gt11. Two BamHI subclones, covering approximately 2.9 kb of coding sequence and all of the phylogenetically informative sites, were isolated from the library.
Screening of both cDNA and genomic DNA libraries of T. vaginalis failed to recover clones carrying additional coding sequence of DNA polymerase ⑀. Since the initial PCR product from T. vaginalis contained a single HindIII restriction site, two primer sets for use in inverse PCR, each flanking the HindIII site, were designed to amplify additional coding sequence 5Ј and 3Ј to that of the PCR product. Inverse PCR reactions resulted in the amplification of 2.1-and 0.9-kb fragments that were cloned. In all, 2.6 kb of coding sequence of DNA polymerase ⑀ encompassing all of the phylogenetically informative sites from T. vaginalis was obtained. Attempts to obtain additional coding sequence for DNA polymerase ␦ of T. vaginalis by inverse PCR, screening of both genomic and cDNA libraries, and construction of a size-enriched subgenomic library were unsuccessful, even though the PCR product hybridized to T. vaginalis genomic DNA (not shown).
Eubacterial Family B DNA Polymerases Are Problematic in Phylogenetic Analysis
Phylogenetic analysis of archaeal and eukaryotic family B DNA polymerases is hindered by the lack of appropriate outgroup sequences. For instance, there are very few eubacterial sequences, and those available, E. coli, V. cholerae, and P. aeruginosa, are closely related members of the ␥-subdivision of proteobacteria (Woese 1987) . Both the V. cholerae and P. aeruginosa sequences were identified by TBLASTN (Altschul et al. 1997) searches of partially completed genome sequences from TIGR using the E. coli family B DNA polymerase as a query sequence. However, both of these sequences are incomplete and do not extend over all phylogenetically conserved regions; the V. cholerae sequence was not used in any analysis. BLASTP and TBLASTN searches of additional partial and complete eubacterial genome sequences available through GenBank and other WWWbased servers failed to identity any other potential eubacterial family B DNA polymerases.
Outgroup sequences with long branch lengths relative to ingroup sequences can be extremely problematic for parsimony analyses, but less so for distance analyses (Swofford et al. 1996) . Preliminary PROTDIST analyses were thus performed with a single taxon, E. coli, as recommended (Swofford et al. 1996) . This resulted in tree topologies that placed E. coli as a sister taxon to eukaryotic ␣, ␦, and Rev3 paralogs to the exclusion of other eukaryotic and archaeal paralogs (not shown). For parsimony analysis, both eubacterial taxa (E. coli and P. aeruginosa) were included, and a topology similar to that in PROTDIST analysis was found. Support for eubacterial sequences grouping with eukaryotic ␣, ␦, and Rev3 paralogs was low, 21% in parsimony analysis and 45% in distance analysis. Support for a clade consisting of ␣, ␦, and Rev3 paralogs and excluding the eubacterial sequences was 28% in parsimony analysis and 30% in distance analysis. When eubacterial sequences were removed from the data set, bootstrap support for a ␣, ␦, and Rev3 clade increased dramatically to 70% in parsimony and 56% in distance analysis. Tree stability as measured by confidence interval (CI) in parsimony analysis also increased when eubacterial sequences were left out (CI ϭ 0.646), as opposed to when they were included (CI ϭ 0.632). By contrast, removal of other longbranch-length taxa, such as the rapidly evolving S. solfataricus and Sulfolobus shibatae B3 paralogs, did not affect confidence intervals as drastically (CI ϭ 0.635). Because of the uncertainty of branching position of eubacterial sequences within eukaryotic paralogs, and because these sequences appear to decrease measures of tree quality (bootstrap values and CI), eubacterial sequences were not included in further detailed parsimony or distance analyses.
Euryarchaeote and Crenarchaeote Sequences Do Not Form Monophyletic Groups
We first performed phylogenetic analyses on a data set that included only archaeal sequences, and the eukaryotic ␣ and ␦ paralogs as outgroup sequences. Parsimony and distance analyses always recover topologies that place the archaeal paralogs as a monophyletic assemblage, but they do not recover topologies that group the crenarchaeote and euryarchaeote sequences into two distinct monophyletic groups, as would be expected from other molecular data sets (Woese 1987; Woese et al. 1991) . For instance, the recently released genome sequence of the euryarchaeote A. fulgidus contains two family B DNA polymerases; neither of these sequences group with other euryarchaeote sequences ( fig. 2) . One of the paralogs, which we call A. fulgidus B2, consistently groups with the divergent S. solfataricus P2 B2 paralog with 100% bootstrap support in both methods, while the other paralog groups with the S. solfataricus P2 B3/S. shibatae B3/P. occultum B3 paralogs with moderate bootstrap support (65% for parsimony and 50% for PROTDIST). We call this A. fulgidus paralog B3. This paralog groups with euryarchaeote sequences, excluding all other crenarchaeote sequences, in only 14% of 100 parsimony bootstrap replicates and in 16% of 100 distance bootstraps. The relationship among the remaining crenarchaeote paralogs, typified by the S. solfataricus P2 B1 and B2 sequences, is not well supported by bootstrap analysis. Only 44% of parsimony and 14% of 100 distance bootstrap replicates place the B1 and B2 paralogs as a sister group. However, there is less than 10% bootstrap support in both methods for placing the B2 paralogs alone as a sister group to euryarchaeotes sequences.
The Four Eukaryotic Paralogs Do Not Form a Monophyletic Group to the Exclusion of Archaeal Paralogs
We then performed phylogenetic analysis on a data set that included all archaeal paralogs and the eukaryotic ␣, ␦, ⑀, and Rev3 paralogs. In both parsimony and distance methods, we found that the four eukaryotic paralogs do not form a monophyletic group to the exclusion of archaeal sequences, and one of the eukaryotic paralogs, ⑀, consistently branches within archaeal sequences as a sister group to euryarchaeotes ( fig. 2 ). This branching pattern is somewhat suspect because of extremely long branch lengths of the eukaryotic ⑀ paralogs relative to other eukaryotic and archaeal paralogs, and is only found in 34% of parsimony and 41% of distance bootstrap replicates (fig. 3) . The remainder of the bootstrap support was spread between various groupings of euryarchaeote, ⑀, and crenarchaeote B2 and B3 paralogs. However, only 8% of parsimony and 4% of distance bootstrap replicates grouped the four eukaryotic paralogs together to the exclusion of archaeal paralogs.
Maximum-likelihood analysis also suggests that the ⑀-type and euryarchaeote polymerases might be orthologs ( figs. 2 and 3 ). PUZZLE analysis with all archaeal and eukaryotic taxa recovered an euryarchaeote/⑀ grouping, as in parsimony and distance analyses, with 51% support ( fig. 3) . In none of the 1,000 quartets analyzed did the eukaryotic ⑀ paralog group with ␣, ␦, or Rev3 paralogs. PROTML analysis produced essentially the same results as other methods (figs. 2 and 3). Eukaryotic ⑀ paralogs grouped with euryarchaeote sequences (excluding A. fulgidus paralogs), and in only 0.3% of the 1,000 most likely trees did the eukaryotic ⑀, ␣, ␦, and Rev3 paralogs form a clade to the exclusion of archaeal sequences. In addition, visual inspection of the amino acid alignment of family B DNA polymerases indicates that in exonuclease domain II, ⑀ and euryarchaeote sequences are remarkably similar ( fig. 1) supporting the phylogenetic results.
Bootstrap support for a ␣/␦/Rev3 clade was surprisingly low, possibly due to the long branch lengths of the Rev3 paralogs relative to the ␣ and ␦ paralogs. When Rev3 sequences were removed from the data set, bootstrap values for an ␣/␦ clade increased for both parsimony and distance analyses ( fig. 3 ). Low bootstrap values for an ␣/␦/Rev3 clade in distance analysis are also due to an attraction of the rapidly evolving S. solfataricus P2 B2/A. fulgidus B2 paralogs for the Rev3 paralogs. When the archaeal B2 paralogs are removed from the data set, bootstrap support increases to 90% in distance analysis ( fig. 3) .
As expected, the three DNA polymerases we amplified from representatives of early-diverging protist lineages, ␦ and ⑀ paralogs from T. vaginalis and an ␣ paralog from G. intestinalis, all grouped with orthologous sequences from other eukaryotes ( fig. 2) . However, in two of the three eukaryotic subgroups, the ␣ and ␦ paralogs, sequences we obtained from early-diverging lineages were not basal to other eukaryotic sequences, as would be expected from other molecular phylogenies (Sogin et al. 1989; Cavalier-Smith 1993; Baldauf, Palmer, and Doolittle 1996; Cavalier-Smith and Chao 1996) . In both ␣ and ␦ subtrees, the P. falciparum sequences were basal to all other eukaryotes, possibly due to the divergent amino acid sequences and long branch length of the ␣ paralog. When the P. falciparum ␣ paralog was FIG. 1.-Amino acid alignment of eubacterial, archaeal, and selected eukaryotic family B DNA polymerase sequences. Numbering of conserved functional domains is as previously published (Wong et al. 1988 ). Secondary-structure elements corresponding to the family B DNA polymerase of bacteriophage RB69 are indicated by an arrow (for ␤-sheets) or a hatched rectangle (for ␣-helices). Lines represent unstructured regions of the protein. Each structural element is assigned a letter or number corresponding to its position in the RB69 DNA polymerase amino acid sequence (6): Sheet 6, [109] [110] [111] [112] [113] [114] [115] [116] [117] 10, [211] [212] [213] [214] [215] [216] 14, [395] [396] [397] [398] [399] 15, [403] [404] [405] 16, [407] [408] [409] [410] [411] [412] 20, 21, [622] [623] [624] [625] [626] 23, [700] [701] [702] [703] 24, [707] [708] [709] [710] 25, [726] [727] [728] [194] [195] [196] [197] [198] [199] [200] [201] [202] [203] [204] [205] [206] [207] [208] D, [222] [223] [224] [225] [226] [227] [228] [229] [230] L, [417] [418] [419] [420] [421] [422] [423] [424] N, P, Q, [581] [582] [583] [584] [585] [586] [587] [588] [589] [590] [591] [592] [593] [594] [595] [596] [597] . The single-amino-acid deletions in exonuclease domain II of crenarchaeote polymerases that support a grouping of B1 orthologs are indicated by boxes. Signature sequences that support a grouping of archaeal and eukaryotic ⑀ polymerases are indicated by shaded boxes. Gaps introduced in the alignment are indicated by periods. Missing data are indicated by question marks.
removed from parsimony analyses, the G. intestinalis sequence was basal to other eukaryotic ␣ paralogs (not shown).
Discussion
Phylogenetic Analysis of Family B DNA Polymerases Is Confounded by Rapid Rates of Sequence Evolution
Phylogenetic analysis of family B DNA polymerases is problematic for two reasons. First, the number of amino acids that can be aligned with confidence between eubacterial, archaeal, and eukaryotic paralogs is small. Second, a number of archaeal and eukaryotic paralogs exhibit extremely long branch lengths relative to other paralogs. Because these sequences have experienced high rates of amino acid replacements relative to other family B paralogs, they may artifactually attract other rapidly evolving taxa during phylogenetic reconstruction (Felsenstein 1978; Huelsenbeck 1997) . One method for dealing with such long-branch effects is to obtain sequence from taxa thought to be intermediate in branching position to the rapidly and slowly evolving taxa (Swofford et al. 1996) . We attempted to do this by sequencing the DNA polymerase ⑀ paralog from T. vaginalis and by including eubacterial and archaeal paralogs from recently released genome sequences.
Of all phylogenetic reconstruction methods commonly used, likelihood-based methods perform with higher accuracy and consistency than either parsimonyor distance-based methods in simulations that approximate conditions similar to those seen with the family B DNA polymerase data set, a small number of informative sites, and rapid rates of sequence evolution (Hasegawa and Fujiwara 1993; Kuhner and Felsenstein 1994; Huelsenbeck 1995; Swofford et al. 1996) . It is noteworthy, then, that in both likelihood methods employed, PUZZLE and PROTML, eukaryotic ⑀ paralogs were never observed to branch with other eukaryotic paralogs, but instead always branched with archaeal paralogs (figs. 2 and 3). Given that this result was also recovered by parsimony and distance methods, it is possible that this topology accurately reflects the evolutionary history of family B DNA polymerases. Low bootstrap support for this grouping is probably due to long branch attractions between various archaeal (e.g., crenarchaeote B2) and eukaryotic (e.g., Rev3) paralogs.
Eubacterial Family B DNA Polymerases: Multiple Independent Losses or Lateral Transfer?
The replicative DNA polymerases of eubacteria (DNA polymerase III, a family C polymerase, and DNA polymerase I, a family A polymerase) and the replicative DNA polymerases of eukaryotes (all family B polymerases) do not share significant primary sequence similar- 1214 Edgell et al. FIG. 3 .-Summary and comparison of bootstrap values found by parsimony, distance, and maximum-likelihood methods for various tree topologies. Each tree topology is a consensus of optimal trees found by parsimony and distance and does not include branch lengths. Bootstrap values are in the order parsimony (pars)/distance (dis)/maximum likelihood (ML). ML values are those found by PUZZLE analysis, except for the tree topology found when all taxa were included, for which both PROTML and PUZZLE (in brackets) values are stated. In addition, node 1a and the dashed line leading to eubacteria indicates that PUZZLE analysis placed the eubacterial sequences as an outgroup to eukaryotic and archaeal paralogs. Euryarchaeote is abbreviated as eury and refers to all euryarchaeote sequences except the A. fulgidus paralogs. Crenarchaeote paralogs are abbreviated to B1, B2, and B3. B2 and B3 include the paralogs from the euryarchaeote A. fulgidus.
ity (Braithwaite and Ito 1993; . However, one homologous DNA-dependent DNA polymerase, a family B polymerase, is present in representatives of all three domains (Braithwaite and Ito 1993; Iwasaki et al. 1991) suggesting that it must have been present in the genome of the cenancestor. Yet, the cenancestral function of this DNA polymerase is unclear; a change of function(s) must have occurred in either the eubacterial lineage (where the family B homolog polB now functions primarily as a repair polymerase; Bonner et al. 1990; Iwasaki et al. 1990) or the archaeal/eukaryotic lineage (where family B homologs now function as replicative polymerases; Budd et al. 1989; Morrison et al. 1990; Budd and Campbell 1993) . Interestingly, the E. coli polB protein can interact with the eubacterial processivity factor, Pol␤ (encoded by the dnaN gene), and with the clamp loading ␥ complex (Hughes et al. 1991; Bonner et al. 1992) . These proteins primarily associate with the E. coli replicative polymerase, polC, implying that association of these proteins with polB could confer processive replication on polB. Recent experimental evidence has demonstrated that polB does replicate chromosomal and episomal (FЈ) DNA in dividing cells, but only in the presence of an antimutator allele of polC (Rangarajan et al. 1997) . However, it is not clear if polB is used in a replicative function in logarithmically growing wild-type cells.
If a family B DNA polymerase was encoded in the genome of the cenancestor, the present distribution of eubacterial homologs is most confusing. Family B homologs have only been found in three eubacteria, E. coli, V. cholerae, and P. aeruginosa, all closely related members of the ␥-subdivision of proteobacteria (Woese 1987) . A family B DNA polymerase is missing, or has diverged so much in primary sequence as to be unrecognizable by common database search algorithms, from the completely sequenced eubacterial genomes of Haemophilus influenzae (Fleischmann et al. 1995) , Mycoplasma genitalium (Fraser et al. 1995) , Mycoplasma pneumoniae (Himmelreich et al. 1996) , Synechocystis sp. strain PCC6803 (Kaneko et al. 1996) , Helicobacter pylori , and Borrelia burgdorferi (Fraser et al. 1997) and from many partially sequenced eubacterial genomes (see Results). The observed distribution of eubacterial family B homologs suggests that multiple independent losses have occurred along eubacterial lineages, except in the lineage leading to the ␥ subdivision of proteobacteria, after eubacteria diverged from a common ancestor with archaea and eukaryotes. It is also possible that a family B homolog was present in the cenancestor, was lost only once in the common ancestor of eubacteria after the divergence of the eubacterial and archaeal/eukaryotic lineages, and has since been reacquired by lateral transfer in the ␥-proteobacterial lineage from a noneubacterial source. Alternatively, a family B DNA polymerase(s) might not have been present in the cenancestor at all, but might have evolved by gene duplication along the archaea/eukaryotic lineage after the divergence of eubacterial and archaeal/ eukaryotic lineages from the cenancestor. A family B DNA polymerase would subsequently have been acquired by ␥-proteobacteria through lateral transfer from a noneubacterial source.
Phylogenetic Analysis is Suggestive of Multiple Independent Gene Duplications During the Evolution of Archaeal and Eukaryotic Family B DNA Polymerases
The finding of multiple family B DNA polymerases in eukaryotes and some (Uemori et al. 1995; Edgell, Klenk, and Doolittle 1997; Klenk et al. 1997 ), but not all, archaea (Bult et al. 1996; Smith et al. 1997 ) raises a number of interesting questions concerning the evolution of archaeal and eukaryotic DNA polymerases. The foremost question is whether the gene duplications that gave rise to the multiple archaeal and eukaryotic paralogs occurred independently of one another after the split of the archaeal and eukaryotic lineages, or whether the gene duplications occurred in a common ancestor of archaea and eukaryotes. Our phylogenetic analyses are suggestive of multiple independent gene duplication events in the evolution of archaeal and eukaryotic family B paralogs, all of which occurred after the divergence of archaea and eukaryotes from the cenancestor. Although phylogenetic analysis of archaeal and eukaryotic family B DNA polymerases is problematic because some paralogs have extremely long branch lengths and because there are a limited number of phylogenetically informative sites, we can, with some certainty, make the following conclusions concerning the evolutionary history of family B DNA polymerases.
First, the gene duplications that gave rise to the three eukaryotic replicative paralogs (␣, ␦, and ⑀) occurred prior to the divergence of the earliest eukaryotic lineages. We feel that this conclusion is well supported, because we have sequenced phylogenetically conserved regions of these paralogs from representatives of earlydiverging lineages ( fig. 1 ) and because these eukaryotic paralogs form monophyletic groups in phylogenetic analysis ( fig. 2 ). Another gene duplication, which involved a ␦-type paralog and give rise to the Rev3 paralogs found in M. musculus and S. cerevisiae, occurred at some point during eukaryotic evolution. As this paralog has only been sequenced from representatives of late-diverging groups (animals and fungi), it is impossible to determine if this duplication event also occurred early in eukaryotic evolution.
Second, the common ancestor of archaea and eukaryotes likely possessed two family B DNA polymerases. The observations that archaeal sequences are split into two phylogenetic groups, that representatives of both euryarchaeotes and crenarchaeotes possess multiple paralogs that fall into each of these two groups, and that one eukaryotic paralog, ⑀, consistently branches within archaeal sequences all support this conclusion. One of the ancient polymerases was ancestral to present-day euryarchaeote, archaeal B3, and eukaryotic ⑀ paralogs, because these sequences group together in phylogenetic analysis. The second ancient family B polymerase was probably ancestral to present-day archaeal B2 paralogs, because B2 orthologs are found in both crenarchaeotes (e.g., S. solfataricus P2 B2) and in euryarchaeotes (e.g., A. fulgidus B2).
Third, one of the ancestral family B DNA polymerases was lost from some, but not all, euryarchaeotes after the split of the two archaeal kingdoms. The finding of only a single family B paralog in the completely sequenced genomes of M. jannaschii (Bult et al. 1996) and M. thermoautotrophicum (Smith et al. 1997 ), but two family B paralogs in the completely sequenced A. fulgidus genome , suggests that the ancestral B2 paralog was lost from these archaeal lineages. Crenarchaeote B1 paralogs evolved as the result of a gene duplication event that occurred after the divergence of the two archaeal kingdoms.
However, because the branching pattern between some archaeal paralogs is not supported by high bootstrap values, we can envision an alternative explanation that as well explains the distribution and phylogenetic relationships of archaeal and eukaryotic paralogs as those presented above. In this alternate scenario, only a single family B DNA polymerase predates the divergence of archaea and eukaryotes and was ancestral to present-day euryarchaeote, crenarchaeote B3, and eukaryotic ⑀ paralogs, as well as one of the two A. fulgidus paralogs. All remaining crenarchaeote, euryarchaeote, and eukaryotic family B paralogs evolved by duplication(s) from this ancestral paralog before the divergence of archaeal and eukaryotic lineages. This scenario would imply that present-day archaeal and eukaryotic paralogs are actually orthologs (for example, eukaryotic ␣ and crenarchaeote B1 sequences), but for reasons stated above, we cannot accurately reconstruct the phylogenetic relationship of these family B DNA polymerases. The absence of B2 paralogs from euryarchaeote genomes (excluding A. fulgidus) is best explained by loss of this paralog from the genome of the common ancestor of euryarchaeotes after the divergence of the lineage that gave rise to A. fulgidus.
Specialization of DNA Polymerase Function in Archaea and Eukaryotes
Another question of interest concerns the function(s) of eukaryotic and archaeal family B DNA polymerases that are likely orthologs, the euryarchaeote polymerases (excluding A. fulgidus paralogs) and ⑀-type paralogs of eukaryotes. Since their divergence, euryarchaeote and eukaryotic ⑀ polymerases have independently undergone numerous changes in structure and function. For instance, the catalytic subunits of S. cerevisiae and H. sapiens DNA polymerase ⑀ are both over 2,200 amino acids in length (Morrison et al. 1990; Kesti, Frantti, and Syvaoja 1993) , yet euryarchaeote and crenarchaeote B3 polymerases are under 900 amino acids in length (see, e.g., Uemori et al. 1993) . These additional amino acids of DNA polymerase ⑀, present as a long carboxy-terminal extension relative to other family B paralogs, are implicated in cell cycle regulation, as deletion of this region interferes with a DNA replication checkpoint in S phase (Navas, Zhou, and Elledge 1995) . Since archaea are not likely to possess a eukaryote-like cell cycle (or the elaborate checkpoint controls associated with one), it is probable that this region of DNA polymerase ⑀ was acquired early in the evolution of eukaryotes.
Regardless of the exact cellular function(s) and biochemical activities of archaeal and eukaryotic family B paralogs, it is clear that archaea and eukaryotes share many more similarities in DNA replication machinery than either do with eubacteria . Most of the protein components shared between archaea and eukaryotes must have been present, and functioning in a replicative function, in a common ancestor. At least one of these components, family B DNA polymerases, has been subject to selection for expanded function(s), whether by duplication or addition of function-specific domains, since archaea and eukaryotes diverged. 
Sequence Availability
The G. intestinalis DNA polymerase ␣ and T. vaginalis DNA polymerase ␦ and ⑀ sequences have been deposited in GenBank with the accession numbers AF067402, AF067403, and AF067404.
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